Aim: Community assembly is traditionally assumed to result from speciation and colonisation mediated by 31 available niche space. This paradigm is expanded by the theory that niche space can also be saturated by 32 intersexual adaptive divergence (ecological sexual dimorphism) when interspecific competition is relaxed. This 33 theory (here termed 'niche-packing equivalence') predicts that the evolution of ecological sexual dimorphism 34 constrains the ecological opportunity that would otherwise lead to ecological speciation or colonisation, and that 35 saturation of niches by different species constrains divergent selection for divergence between the sexes. 36
Introduction

59
The adaptive proliferation of biodiversity results from divergent natural selection driving niche expansions in 60 species exposed to ecological opportunity -a process potentially leading to speciation (Schluter, 2000 ; 61 Gavrilets, 2004; Nosil, 2012) . Therefore, a prevailing paradigm in evolutionary ecology is that the distribution of 62 biodiversity is shaped by the diversity-dependent accumulation of species that compete to saturate niche space 63 (Losos, 2010) . However, saturation of ecological opportunity by newly evolving species can be replaced by 64 adaptive divergence between the sexes of the same species (ecological sexual dimorphism). According to this 65 idea, intersexual niche expansions are promoted by disruptive natural selection when sexual conflict arising from 66 resource competition is mitigated by the evolution of dimorphic males and females adapted to non-overlapping 67 regions of the niche landscape (e.g., Fairbairn et al., 2007) , in environments where the intensity of interspecific 68 competition declines with decreasing numbers of competitors (Slatkin, 1984; Bolnick & Doebeli, 2003) . 69 Accumulating evidence suggests that the evolution of ecological sexual dimorphism can influence, or be 70 influenced by the trajectories and rates of biodiversity proliferation on macroevolutionary timescales (i.e., when 71 rates of speciation within a lineage are associated with the degree of sexual dimorphism at phylogenetic nodes) 72 and on microevolutionary and ecological timescales (i.e., when species richness, whether resulting from 73 speciation or colonisation, is associated with the degree of sexual dimorphism in resident species). The 74 proliferation of sexually dimorphic species is predicted to saturate morphospace, thus increasingly limiting the 75 opportunities for lineages to radiate adaptively via niche filling (Schoener, 1977; Losos, 2009; De Lisle & Rowe, 76 2015) . In any given assemblage, the saturation of niche space by an increasing number of species is expected 77 to limit opportunities for the evolution of ecological sexual dimorphism, while niche saturation by dimorphic 78 species might constrain colonisation by additional species (Bolnick & Doebeli, 2003; Butler et al., 2007) . 79
Therefore, this 'niche-packing equivalence' theory predicts that ecologically distinct species and dimorphic sexes 80 operate as rival units of niche saturation during adaptive radiations or community assembly, which leads to 81 ecological and evolutionary tension between the two forms of diversification as each of them contributes to 82 saturation of the ecological opportunity (Slatkin, 1984; Bolnick & Doebeli, 2003) . 83
The underappreciated, yet fundamental role for ecological sexual dimorphism in influencing the 84 trajectories of lineage diversification and assemblage evolution has received limited attention that has resulted in 85 mixed support. At macroevolutionary timescales, the only known study (De Lisle & Rowe, 2015) presented 86 robust evidence rejecting the core prediction that lineage diversification rates decay with increasing sexual 87 6 per species, and per assemblage, which provides an intermediate SVL value (between the mean and maximum 146 known for each sex), and hence, a more reliable estimate of adult body size (Losos et al., 2003; Pincheira-147 Donoso et al., 2008a) . Subsequently, the degree of SSD was calculated with the formula ln(SVL Male /SVL Female ). 148
This measure of dimorphism is intuitive and has been shown to perform with satisfactory statistical power (Smith, 149 1999; Fairbairn, 2007) . The fundamental prediction of the theory is that the extent of sexual dimorphism varies 150 as a function of assemblage species-richness. SSD estimates for the five Liolaemus species found in two 151 assemblages (see Supplementary Table S1 ) were therefore calculated based on the actual specimens recorded 152 at each specific assemblage, separately. 153
154
Relationships between SSD and species-richness 155
We tested for a tension between interspecific and intraspecific adaptive diversity by correlating or regressing 156 SSD against species-richness, across our 23 assemblages. Different approaches can be taken to this analysis, 157 each with strengths and weaknesses. The simple correlation between assemblage species-richness and SSD 158 (the mean SSD across all species in the assemblage) is conservative, but excludes information on the individual 159 SSD values for each species. The correlation between species-richness and individual species' SSD ignores the 160 non-independence of species nested within assemblages. Accounting for "assemblage identity" as a random 161 effect to avoid this pseudoreplication obliged us to use regression models that assumed no uncertainty in the 162 predictor, species-richness. We present per-assemblage, per-species, and mixed-effects versions of these 163 analyses, and control for artefactual relationships by permuting (shuffling) species randomly among 164 assemblages. For each analysis, the slope or correlation coefficient of the observed relationship was compared 165 to the null distribution of slopes based on 10K permutations, concluding statistical significance if the observed 166 correlation parameter lies in the upper or lower 2.5 th centiles of the null distribution. These analyses were 167 adjusted for data quality and precision by weighting them by the sample sizes used to calculate sexual 168 dimorphism for each species. 169
170
Controlling for phylogenetic non-independence 171
Recognising that observed correlations between SSD and species-richness could be due to phylogenetic 172 patterns of SSD coupled with phylogenetically biased co-occurrences of species in assemblages, we repeated 173 our per-species regression analyses using phylogenetic control on the residuals. There exists a well-developed Table S3 ) contains tips that can each represent 178 multiple "real" species in our dataset. This required us to account for the influence of phylogeny using a Monte 179
Carlo Markov Chain (MCMC) generalised linear mixed effect regression model, which considered species 180 identity, assemblage identity and proxy phylogeny as random effects. We used the MCMCglmm package in R, 181
and employed parameter expansion of our three random effects to ensure convergence. MCMC chains were run 182 for 100K iterations with a burn-in of 10K and a thinning interval of 100. We report the posterior distributions of 183 variance absorbed by phylogeny, and slope of the relationship between sexual dimorphism and species-184
richness. 185 186
Relationships between body size distributions and species-richness 187
We explicitly tested our assumption that species in species-poor assemblages occupy larger niches than species 188 in species-rich assemblages by examining the predicted negative correlation between species-richness and the 189 breadth of their body size distributions (measured as the standard deviation of SVL). As with analyses of SSD 190 above, we tested this correlation per-assemblage, using the mean of the body size standard deviations across 191 species. We then modelled the slope of the relationship between per-species body size standard deviation and 192 species-richness, absorbing assemblage as a random effect. All analyses were partnered with permutation tests 193 that shuffled species among assemblages 10K times to create a histogram of test statistics under the null 194 hypothesis of no correlation/relationship. Recognising that dimorphic species are predisposed to having broader 195 body-size distributions, we repeated these tests separately for males and for females. This provides a check that 196 changes in body-size distributions are due to sexual dimorphism, not expansion of each sex's size distribution. 197
198
Partitioning body size variation between sexes and species 199
The hypothesis that correlations between SSD and species-richness are driven by constraints on body size 200 distributions (driven by size-dependent competition) predicts that, within assemblages, there should be a 201 negative relationship between the proportion of variance in body size explained by partitioning among species 202 and that explained by partitioning between the sexes. We expect a negative relationship between these 203 8 variance components by default (because where more variance is explained by one component, less is available 204 to be explained by the other). However, residual variance, which describes the overlap in body size distributions 205 between sexes and among species, also contributes to total variation. If the tension between SSD and species-206 richness forces those ecological units into distinct portions of the body size niche dimension, then natural 207 assemblages should lie closer to the line of perfect negative covariance than artificial assemblages made by 208 shuffling combinations of species. 209
To test this prediction we performed a factorial analysis of variance in body size against sex (male or 210 female) and species identity (one to five species), for each assemblage. We recorded the proportions of variance 211 among species, and divergence between sexes. To test the influence of species divergence alone, we shuffled 221 the size-differences among species, but constrained the size-differences between sexes to be as observed in 222 the data. To test the influence of sexual divergence alone, we shuffled the size-differences between sexes, 223 among species, but constrained the size-differences among species to be as observed in the data. Simulations 224 of simplified assemblages occupying body size niches according to four simple rule-sets (a) random assembly of 225 species and sexes; b) species occupy available niches preferentially, but sexual divergence is random; c) 226 species occupy niches randomly, but sexual divergence occurs when niches are available; d) species and sexes 227 both diverge into available niches) confirmed that these constrained shuffles correctly revealed niche-packing 228 patterns due to sexual or species divergence (see supplementary material). 229
For the observed data and each shuffle (total shuffle; species shuffle; sex shuffle), we modelled the 230 distance of R Although not essential to the expanded niche-packing equivalence theory, we note that if SSD is driven by 244 ecological opportunity alone, there should be no trend for dimorphism to be consistently male-or female-biased. 245
Alternatively, if SSD is driven by sexual selection, we might expect males to be consistently larger than females, 246
or vice versa. We tested this with a simple paired t-test of mean body size between males and females, across 247 species. We checked the robustness of this result to phylogenetic control, by fitting an intercept-only 248 MCMCglmm, with SSD as response variable, using the proxy phylogeny, and all MCMC settings as described 249
above. 250 251
Environmental estimators of niche space abundance 252
Different environments are expected to provide different diversities of potential niches to be constructed or 253 exploited (Peterson et al., 2011) . Since the assemblages we sampled are widely spread along a ~3800 km 254 latitudinal range, the availability of niche space is likely to vary across these assemblages, creating variation in 255 their potential to host different numbers of ecological units, whether different species or divergent sexes within 256 species. To examine this variation, we regressed SSD and species-richness against a number of environmental 257 factors as proxies for niche diversity per assemblage. These climatic data were assigned to each studied community by intersecting the geographical centroids of the 270 assemblages with the above climatic layers in ArcGIS 9.3.1. To quantify the influence of environmental factors 271 on SSD and species-richness, we performed multiple regression analysis of mean responses per assemblage 272 against NPP, annual precipitation, latitude, altitude, vegetation and microhabitat diversity, all scaled to have zero 273 mean and unit variance. We used Akaike Information Criteria and Akaike model weights, and dredged the full 274 model to determine the best model and the difference in AIC for each possible subset model using the R 275 package 'MuMIn' (Barton, 2017) . This full set of models was averaged, with parameters weighted by Akaike 276 model weights, to provide means and 95% confidence intervals for the model-averaged effect sizes of each 277 predictor. Phylogenetic control is not applicable to these analyses because we use assemblage-level, rather 278 than species-level metrics. We then used Structural Equation Modelling (SEM), using the R package 'sem' (Fox 279 et al., 2017) , to tease apart the relationship between environment, SSD and species richness. We used the 280 subset of environmental predictors, identified by our multiple regressions as having significant influence on the 281 response variables. We treated these as predictors, and considered three SEMs: first, a model in which 282 environmental variables predicted SSD and species richness independently, but with residual covariance 283 between these two responses; second, environmental variables predicted SSD which in turn predicted species 284 richness; third, environmental variables predicted species richness which in turn predicted SSD. We used a 285 combination of significance tests and AIC to compete these models, statistically. 286
287
Results
288
Relationship between sexual size dimorphism and species-richness 289 As predicted, the magnitude of SSD correlated negatively with the number of Liolaemus species per assemblage 290 ( Figure 1 ). As numbers of coexisting species per assemblage increased, there was a significant decrease in the 291 average degree of SSD per assemblage (Pearson's correlation; ρ = -0.430, t 21 = -3.226, P = 0.004; permutation 292 test P-value 0.003; Figure 1a ). Correlation analysis using each species confirmed this result (ρ = -0.387, t 53 = -293 3.057, P = 0.003; permutation P = 0.002), as did mixed effects regression of SSD against species-richness, 294
weighted by sample size for each species (slope = -0.43, F 1,21 = 12.03, P = 0.002; permutation P = 0.001; Figure  295 1b). These patterns were robust (P remained < 0.05) to the removal of an influential single-species assemblage 296 with high SSD (the Arica assemblage, Figure 1a, b) . Indeed, P-values were <0.1 for analyses that completely 297 removed all single-species assemblages (although it would be difficult to justify such extreme data pruning). 298
Phylogenetic mixed-effects regression revealed credible phylogenetic signal in the residuals of this model 299 (Figure 1c ), but the posterior distribution of the slope of sexual dimorphism against species-richness was 300 negative with 96.3% probability (Figure 1d ). The variances due to assemblage and species identities were not 301 credibly greater than zero. 
12
The proportion of variance in body size explained by intersexual divergence decreased as the proportion 318 explained by interspecific divergence increased (Figure 3a ). More importantly, we found support for the 319 prediction that this relationship is more intense (i.e., the observations lay closer to the line of perfect constraint; 320 Figure 3b ) than for the vast majority of shuffled lizard assemblages created to define the expectation under the 321 null hypothesis (see results in Supplementary Analysis S2, and Table S2 ). The mean deviation of the observed 322 partition of body size variation from the line of perfect constraint was too small to fit the null hypothesis 323 distribution (permutation P < 0.001; Figure 3c ). Constrained shuffles revealed that niche-packing as measured 324 by this deviation was due to a combination of species divergence (P = 0.014) and sexual divergence (P = 0.001). 325
Least squares nonlinear regression of observed and shuffled assemblages confirmed that the observed 326 curvature in the quadratic line joining the intercepts of "all intersexual variation" and "all interspecific variation" 327 ( Figure 3b ) was too small to fit the null hypothesis (permutation P = 0.001; Figure 3d ). Constrained shuffles 328 revealed that niche-packing, as measured by curvature, was due to a combination of species divergence (P = 329 0.049) and sexual divergence (P = 0.01). This provides clear evidence that natural Liolaemus assemblages are 330 structured such that the negative association between intersexual and interspecific body size variation is closer 331 to the perfect constraint than expected by chance. Sexes and species both tend to occupy distinct portions of the 332 body size niche dimension when niche opportunities exist, and appear to constrain each other's divergence or 333 colonisation. 334 335 Is SSD generally naturally or sexually selected? 336
We found that male Liolaemus lizards were consistently larger than females (Pincheira-Donoso & Tregenza, 337 2011), across species (paired t-test, t 54 = 6.692, p<0.001; Figure S3 ). SSD showed credible evidence of 338 phylogenetic signal, but having controlled for this, mean SSD was credibly male-biased among species (99.3% 339 of posterior samples of mean SSD were > 0). This indicates that the initial source of SSD is linked to sexual 340 identity, either via direct sexual selection or via a predisposition for males to evolve large (or females to evolve 341 small) body size. 342
343
Environmental predictors of species-richness and SSD 344
Our analyses of candidate environmental drivers using model-averaged regressions of SSD against 345 environmental predictors revealed SSD declined with increasing amounts of vegetation, and with increasing 346
